ABSTRACT This paper investigates the Al 2 O 3 /AlGaN/GaN metal-oxide-semiconductor high electron mobility transistor (MOSHEMT) performance with post oxidation annealing (POA) process. First, the optimum annealing condition was found to be 400 • C for 20 min. The transmission electron microscopy, atomic force microscopy, and X-ray photoelectron spectroscopy were used for material analysis. The hysteresis capacitance-voltage (C-V) measurement was also used to characterize the amount of traps at the Al 2 O 3 /AlGaN interface. It was found that the amount of the traps reduced after POA process. In addition, the performance of the MOSHEMT like gate leakage current, output current, subthreshold swing, off-state breakdown voltage, frequency response, and power characteristics were improved after POA process.
I. INTRODUCTION
Three-nitride (III-N) semiconductor like gallium nitride (GaN), indium nitride (InN), aluminum nitride (AlN) and its ternary alloyed (AlGaN, InGaN, and AlInN) have been widely used in various semiconductor devices like light-emitting diodes (LEDs), [1] photodiodes (PDs) [2] , laser diodes (LDs) [3] , field-effect transistors (FETs) [4] , bipolar junction transistors (BJTs) [5] and bio-chemical sensors [6] . Since III-nitride materials have high breakdown field, high saturation velocity and therefore III-N-based materials are very suitable for high-frequency and high-power devices like high electron mobility transistors (HEMTs). Schottky junction is often used as the gate electrode of GaN-based HEMTs since Schottky junction can be easily formed and the Schottky barrier height is used to suppress the gate leakage current [7] . However, the problem of Fermi level pinning (FLP) limits the Schottky barrier height, which increases gate leakage current. In order to reduce the gate leakage current which results from FLP, metal-oxide-semiconductor (MOS) gate structure is used [8] . Many oxide materials like SiO 2 [9] , Al 2 O 3 [10] , HfO 2 [11] , La 2 O 3 [12] , Sc 2 O 3 [13] , ZrO 2 [14] , and TiO 2 [15] have been used as the gate oxide layer. Al 2 O 3 has wide band gap and high relative permittivity simultaneously, and these features make it a promising material for gate oxide applications. Nevertheless, the interface traps between the Al 2 O 3 and the (Al)GaN affect the AlGaN/GaN MOSHEMT characteristics. The post annealing is an effective process to reduce oxide defect charges like fixed oxide charge (Q f ), oxide trapped charge (Q ot ), and interface trapped charge (O it ).
In the previous work, the H 2 O 2 oxidation method was demonstrated to realize an Al 2 O 3 /AlGaN/GaN MOSHEMT [16] , [17] . Compared to the atomic layer deposition (ALD), chemical vapor deposition (CVD), and physical vapor deposition (PVD), the H 2 O 2 oxidation is operated under atmospheric pressure and room temperature. However, it was found that the quality of the H 2 O 2 -grown Al 2 O 3 can be further improved by post oxidation annealing since the amount of D it of the Al 2 O 3 is around 10 12 cm −2 ·eV −1 in low temperature oxidation environment [16] . This work mainly investigates the post oxidation annealing effect on the H 2 O 2 -grown Al 2 O 3 and the performance of the Al 2 O 3 /AlGaN/GaN MOSHEMT. 
II. MATERIAL GROWTH AND DEVICE FABRICATION
The Al 0.25 Ga 0.75 N/GaN heterostructure was grown by metal-organic chemical vapor deposition (MOCVD) system. AlN/AlGaN superlattice structure was deposited on a 4 inch (111) Si substrate to prevent Ga melt-back etching. 4 μm undoped GaN (U-GaN) was deposited on the superlattice structure as a buffer layer and 25 nm undoped Al 0.25 Ga 0.75 N (U-Al 0.25 Ga 0.75 N) was deposited on the U-GaN as a barrier layer.
The fabrication process of the MOSHEMT is divided into five steps.
(1) Mesa isolation: The adjacent devices isolation was completed by the inductively coupled plasma reactive ion etching (ICP-RIE) system with Cl 2 /Ar-based plasma. (2) Source/Drain metallization: Ti/Al/Ni/Au alloy is served as the source/drain ohmic contact. After the alloy deposition, the sample is sent into the rapid thermal annealing (RTA) system for 60s at 900 was sent into the RTA system again in the N 2 ambient at different temperatures and for different time. For I-V measurement, the gate length is 1 μm, the gate width is 100 μm, and the drain-source spacing is 5 μm. For C-V measurement, the radius of the MOS capacitor is 50.5 μm. The transmission electron microscopy (TEM) was used to observe the Al 2 O 3 thickness. The thickness of the Al 2 O 3 film with POA process is around 12 nm as shown in the inset of Fig. 1 . The drain-source spacing, gate width, and gate length are 7 μm, 100 μm, and 1 μm, respectively. The epitaxy and the device structures are shown in Fig. 1 .
III. RESULTS AND DISCUSSION
The optimum annealing parameters including the annealing temperature and the annealing time were investigated. In order to find the optimum annealing conditions, 5 dies for each annealing temperature were prepared and the annealing time for each temperature was increased by 5 minutes per step. The values in Fig. 2 (a) and (b) are average values of the 5 dies. The drain-source current density (I DS ) versus the annealing time and the gate-drain current density (I GD ) versus the annealing time are shown in Fig. 2 (a) and (b). It was found that the values of I DS increase and of I GD decrease when the annealing time increases at 300 • C. This result suggests that the POA process is helpful to improve device performance and that the annealing temperature can be risen. Therefore, 400 • C and 500 • C annealing temperatures were used. It was found that the device had the highest I DS and the lowest I GD when the annealing temperature and time were set to be 400 • C and 20 minutes. The values of I DS and I GD were not further improved when the annealing time was up to 25 minutes. In addition, the values of I DS and I GD were improved in the first five minutes when the annealing temperature was 500 • C. When the annealing time was longer than 5 minutes, the device performance degraded. The optical microscopy (OM) was used to observe the morphology of the metal at the surface. The morphology of the metals with the POA process at 400 • C for 20 minutes and at 500 • C for 10 minutes are shown in Fig. 2 
(c) and (d).
The OM image reveals that the source/drain electrodes and the local region of the gate electrode were burned. Based on the above analysis, the annealing temperature at 400 • C and the annealing time for 20 minutes are the optimum annealing parameters. In the following paragraphs, the MOSHEMT with the annealing temperature at 400 • C for 20 minutes is denoted as MOSHEMT-A and the MOSHEMT without POA process is denoted as MOSHEMT-B. The atomic force microscopy (AFM) images of the H 2 O 2 -grown Al 2 O 3 layer with 400 • C annealing temperature for 20 minutes and without the POA process are shown in Fig. 3 (a) and (b) . The root-mean-square surface roughness (SR rms ) of the H 2 O 2 -grown Al 2 O 3 without/with the POA process was characterized to be 1.37 nm and 0.63 nm, respectively. The Al 2 O 3 with the POA process has flatter surface than that without POA. The hall measurement reveals that the values of μ n of MOSHEMT-A and MOSHEMT-B were 1210 cm 2 V −1 s −1 and 1170 cm 2 V −1 s −1 , respectively. The Al 2 O 3 thickness distribution is shown in Fig. 3 (c) . 10 chips with 1 cm × 1 cm were prepared and dipped into H 2 O 2 for 10 minutes and the thickness was record by using TEM to observe. The average Al 2 O 3 thickness is 9.7 nm and the standard deviation is 1 nm. It was also found that most thickness of the Al 2 O 3 film with 10 minutes H 2 O 2 oxidation was 10 nm.
The chemical shifts of Al 2p and O 1s of the H 2 O 2 -grown Al 2 O 3 layer without/with the POA process are shown in Fig. 4 (a) and (b), both of which were observed from the surface of the film. The peak binding energies of Al 2p of the Al 2 O 3 layer without/with the POA process are 74.1 eV. The presence of the Al-O bonds is confirmed by the peak binding energy of Al 2p (∼ 74.1 eV). The peak binding energies of O 1s of the Al 2 O 3 without/with the POA process are 531.1 eV. It was found that Al(OH) x disappeared after the POA process as shown in Fig. 4(b) . The oxygen-to aluminum ratio of the H 2 O 2 -grown Al 2 O 3 is around 1.48 which is very close to the ideal ratio of 1.5.
The hysteresis capacitance-voltage (C-V) measurement characteristics of MOSHEMT-A and MOSHEMT-B are shown in Fig. 5 (a) and (b) . There are two C-V hysteresis region; one is at the moderate inversion region and the other is at the spillover region. The hysteresis effect in the moderate inversion region results from the traps located at the AlGaN/GaN interface. On the other hand, the hysteresis effect in the spillover region results from the traps located at the Al 2 O 3 /AlGaN interface [18] . The hysteresis loop in the moderate inversion region is clockwise and in the spillover region is counterclockwise. However, the connections between counterclockwise/clockwise behavior and the interface trapping mechanism need to be further studied. It was found that MOSHEMT-A has insignificant hysteresis effect in the spillover region. This phenomenon suggests that the POA process suppresses the interface trap density effectively.
The characteristics of the gate-drain current density versus gate-drain voltage (I GD -V GD ) at forward and reverse bias of both devices are shown in Fig. 6 (a) and (b) . The forward I GD of MOSHEMT-A and MOSHEMT-B at 1 V were 26.2 pA and 230 pA, respectively. The reverse I GD of MOSHEMT-A and MOSHEMT-B at -100 V were 12.4 nA and 120 nA, respectively. MOSHEMT-A shows lower forward and reverse I GD than MOSHEMT-B because the material defects like non-stoichiometric Al(OH) x reduced after the POA process. Therefore, the trap-related carrier transportation mechanisms like trap-assisted tunneling (TAT) and Frenkel-Poole emission are suppressed [19] . The gatedrain turn-on voltage (V on ) and gate-drain breakdown voltage (BV GD ) are defined as the gate-drain voltage, where forward and reverse I GD = 1 mA/mm. The values of V on /BV GD of MOSHEMT-A and MOSHEMT-B were 5.3 V/-138 V and 5.2 V/-133 V. Compared to MOSHEMT-B, MOSHEMT-A has higher V on and BV GD since its forward/reverse gate-drain leakage current are decreased after the POA process.
The drain-source current density versus gate-source voltage (I DS -V GS ) and the extrinsic transconductance versus gate-source voltage (g m,ext -V GS ) transfer characteristics are shown in Fig. 7 and 1.43 × 10 −4 mA/mm, respectively. It was found that MOSHEMT-A has lower drain leakage current than MOSHEMT-B since the gate leakage injection is suppressed as observed in Fig. 6 (b) which shows that MOSHEM-A has lower I GD than MOSHEMT-B at reverse bias. In addition, the subthreshold slope (SS) of MOSHEMT-A is further improved after the POA process. SS is expressed as [20] :
where k is the Boltzmann's constant, T is the absolute temperature, C dep is the depletion layer capacitance, C ox is the The V th of MOSHEMT-A shifted positively because the amount of Q Al2O3/AlGaN and n ox were suppressed after the POA process. The similar phenomenon has also been reported [22] , [23] .
The drain-source current density versus drain-source voltage (I DS -V DS ) characteristics of MOSHEMT-A and MOSHEMT-B are shown in Fig. 8 (a) Gate leakage injection is a dominant mechanism to trigger impact ionization [21] , [24] . MOSHEMT-A has lower I GD than MOSHEMT-B, so it has higher BV off .
The cutoff frequency ( f T ) and the maximum frequency of oscillation ( f max ) characteristics of MOSHEMT-A and -B are shown in Fig. 9 (a) and (b) . f T and f max were measured on wafer by using the HP8510C vector network analyzer in conjunction with cascade probes over the frequency range of 0.25 GHz∼50 GHz. f T and f max were measured when MOSHEMT-A (-B) were biased at V GS = −2(−2.5) V and V DS = 7 V. f T /f max values of MOSHEMT-A and -B were 20.6/23.4 GHz and 16.2/18.4 GHz, respectively. f T is expressed [25] :
where C g is the gate capacitance, v is the average electron velocity, and L g is the gate length. MOSHEMT-A has better frequency response than MOSHEMT-B and this is attributed to the fact that MOSHEMT-A has higher v than MOSHEMT-B. v can be extracted from the intrinsic transconductance (g m,int ) [25] :
and g m,int is extracted by
where R S is the source series resistance. R S is calculated by R S = R Total -R Channel where R Channel is the resistance of the channel under the gate. For a very large V ov with a small fixed V DS , R Channel becomes very small compared to R S for both devices. Therefore, R S approximately equals to R Total . R S of MOSHEMT-A and -B were 2.7 -mm and 2.8 -mm, respectively. The inset of Fig. 9 (a) and (b) show f T -V GS characteristics of MOSHEMT-A and -B. MOSHEMT-A shows wider GVS which is coherent with the result in Fig. 7 . v-V GS and g m,int -V GS characteristics are shown in Fig. 9 (c) . The extracted maximum g m,int and v of MOSHEMT-A (-B) were 286.9 (219.6) mS/mm and 8.19 × 10 7 (8.02 × 10 7 ) cm/s. This result is coherent with the result that MOSHEMT-A has better frequency response than MOSHEMT-B. Output power (P out ) and power added efficiency (PAE) characteristics at 2.4 GHz of MOSHEMT-A and -B are shown in Fig. 10 (a) . The RF power characteristics were measured by the load-pull system and MOSHEMT-A (-B) was biased at V GS = −2(−2.5) V and V DS = 15 V. The maximum Pout and PAE of MOSHEMT-A (-B) at 2.4 GHz were 21.87 (19.95) dBm and 37.91 (32.3) %. P out and PAE are expressed as [26] :
and
362 VOLUME 4, NO. 5, SEPTEMBER 2016 where BV GD is the gate-drain breakdown voltage, V knee is the knee voltage, P in is the input power, and P dc is the dc power dissipation. POA process enhances I DS,max , BV GD , and V knee of the MOSHEMT and therefore improves P out performance. The POA process reduces the amount of traps so that RF drain current collapse phenomenon is suppressed. The linearity of the power amplifier can be easily judged by the point of P 1dB . When the power gain is reduced by 1 dB, the corresponding P out is called P 1dB . The power gain versus output power characteristics of MOSHEMT-A and -B are shown in Fig. 10 (b) . The values of P 1dB of MOSHEMT-A and -B were 17.98 dBm and 17.2 dBm, respectively. This suggests that the POA process is helpful to improve linearity. The comparison of this work with other works about AlGaN/GaN (MOS-)HEMT with post annealing process is listed in Table 1 . This work with the POA process shows comparable I DS,max and g m,max compared to other works. Note that [27] shows the highest I DS,max since the Al content of the AlGaN is 28% and the SiC substrate was used. Therefore, higher polarization charges and insignificant selfheating effect were expected. Furthermore, this work with the POA process shows lower I G at reverse bias and better frequency response. In fact, [28] shows the highest f T of 28 GHz, but the L g of [28] is only 0.3 μm and thus we use f T × L g to provide fair comparison of frequency response.
IV. CONCLUSION
This work used the POA process to improve electrical characteristics of the H 2 O 2 -grown Al 2 O 3 /AlGaN/GaN MOSHEMT. The surface roughness of the H 2 O 2 -grown Al 2 O 3 became flatter and the non-stoichiometric composition such as Al(OH) x disappears. The MOSHEMT with the POA process shows insignificant hysteresis C-V characteristics in the spillover region. Furthermore, the I GD was reduced about 10 times, I DS was improved to 90.3 mV/dec, I DS was increased to 853.3 mA/mm, and BV off was enhanced to 141 V. The frequency response and power characteristics of the MOSHEMT with the POA process were enhanced, including f T , P out , PAE, and P 1dB . VOLUME 4, NO. 5, SEPTEMBER 2016 363
